Since the first reported transfection studies using cationic liposomes in 1987, significant advances have been made on the understanding of the physical properties of DNA/cationic liposome complexes (lipoplexes) in order to improve their transfection efficiencies. In this review a critical survey of the biophysical techniques used in their characterization is presented, with an emphasis on fluorescence methodologies, namely FRET. It is shown that the use of FRET combined with state-of-the-art modeling and data analysis allows detailed structural information in conditions close to the in vivo utilization of these non-viral based vectors. We describe in detail the use of fluorescence-based methods in (i) the assessment of DNA-lipid interaction and kinetics of lipoplex formation; (ii) membrane mixing studies; (iii) characterization of lipoplex molecular structure through the determination of interlamellar distances; and (iv) qualitative and quantitative evaluation of DNA condensation by cationic liposomes. This review aims at providing a framework for future characterization studies of novel liposomal formulations as gene delivery carriers, taking advantage of more sensitive nucleic acid and lipid dyes concomitantly with increasingly sophisticated fluorescence techniques.
Introduction and scope
Gene therapy is a promising approach to the treatment of disease through the use of DNA-based vectors that allow targeting, delivery of DNA to cells, and expression of the therapeutic gene. Among the nonviral vectors, cationic liposomes are the most widely used chemicalbased DNA delivery systems, not only in basic research [1] , but also in clinical trials [2] . Indeed, recent data showed that in 6.4% of gene therapy clinical trials worldwide, cationic liposomes are used as vectors, for the treatment of vascular and monogenic diseases though the majority of these trials target several types of cancer (source www.wiley.co.uk/genmed/clinical). On the other hand, each year several new cationic lipid-based transfection reagents to transfer DNA into mammalian cells are launched into the market for basic research, and most of them focus on the transfection of hard to transfect cells. In fact, earlier studies about the interaction of cationic lipids with DNA, mainly encompassing an extensive physical chemical characterization [3] , gave rise to excellent current transfection agents that are very efficient regarding gene transfer into mammalian cells in vitro [4] . However, most of those successful formulations have shown to be inappropriate for in vivo or ex vivo gene delivery of certain somatic or stem cells known to be difficult to transfect. For these applications, cationic liposomes are still associated with low transfection efficiencies [5, 6] , although their advantages over viral vectors such as nonimmunogenicity, low toxicity, and possibility of large-scale production, keep researchers questing for novel cationic lipids (reviewed elsewhere [6] ) and more efficient formulations to transfect hard to transfect cells.
Many efforts have been made to fully characterize cationic liposome-DNA complexes (lipoplexes), because this is the only way to understand, improve, and control their transfection efficiency. In 1987, it was reported for the first time that plasmid DNA and cationic liposomes aggregate due to electrostatic attractive forces, forming small complexes able to transfer DNA to the cells [7] . The ability of DNA and oligonucleotides to induce lipid mixing, the electrostatic properties of the lipoplexes during and after their formation, the DNA accessibility to DNase I after complexation with lipids, the size and zeta potential of the lipoplexes, and the encapsulation efficiency of the lipid vector are some of the parameters considered in the characterization of lipoplexes. Importantly, back in 2003 different techniques were used to propose a mechanism for lipoplex formation, and it was verified that upon DNA and cationic liposomes contact, around 20min is sufficient to obtain stable complexes [8, 9] . The unveiling of their microscopic arrangement, a multilamellar structure of lipid bilayers with sandwiched DNA, with a constant interlayer spacing invariant with the charge ratio and depending on cationic liposome formulations [10, 11] , is still considered a major breakthrough in this field. To date, the most commonly used techniques to characterize lipoplexes are fluorescence-based techniques and their main advantages are related to the possibility of using DNA and lipid concentrations similar to those used to transfect cells in vitro, ex vivo or in vivo, and mainly because it is possible to monitor these complexes' behavior under physiological conditions. Throughout this review the usefulness of the techniques used over the years in lipoplex characterization is discussed. Nevertheless, we will focus mainly on the use of fluorescence-based techniques for lipoplex characterization , detailing their use in the assessment of (i) kinetics of lipoplex formation and DNA-lipid interaction; (ii) membrane mixing studies; (iii) lipoplex molecular structure through the determination of interlamellar distances and (iv) DNA condensation, as schematically shown in Fig. 1 .
Assembly of lipoplexes
Liposomes used in lipoplexes are mainly constituted by cationic lipids. The term is often used in a loose sense, referring to all cationic amphiphiles, including cationic cholesterol and bile salt derivatives, as well as other micelle-or bilayer-forming cationic amphiphiles [12] . Cationic lipids are composed of three main elements: a hydrophobic tail, a linker and a cationic head group. Some of the most representative cationic lipids for gene transfection are 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP), 2,3-dioleyloxypropyl-1-trimethylammonium bromide (DOTMA), 2,3-dioleyloxy-n-(2-(sperminecarboxamido)ethyl)-n,ndimethyl-1-propaniminium penta-hydrochloride (DOSPA), N-(2-hydroxyethyl)-n,n-dimethyl-2,3-bis(tetradecyloxy)-1-propanaminium (DMRIE), dioctadecylamido-glycylspermine (DOGS) and 3β(N(N′,Ndimethylaminoethane)carbamoyl) cholesterol (DC-CHOL) [6] . A modification of the chemical nature of each lipid component has led to the synthesis of new liposomal formulations with different and better abilities for transfection [6] . Most cationic liposomal formulations require the inclusion of a neutral lipid, frequently named helper lipid, in order to increase transfection efficiency [13] . The most commonly used neutral lipids are 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and cholesterol (Chol). DOPE is often considered to be a fusogenic lipid, due to its ability to adopt an inverted hexagonal phase in aqueous environment, thus promoting membrane fusion [14] . The incorporation of helper lipids into the cationic membranes results in increased conformational disorder of the apolar region and further dehydration of the interfacial region, which decreases with the increase of lipoplex lipid/DNA charge ratio (+/−) [15] . Changes in the hydration of the DNA bases were also observed as the molar ratio of helper lipid in the membranes was increased [16] and different helper lipids bind DNA Fig. 1 . Cationic liposomes and DNA are driven by electrostactic interactions to form lipid-DNA complexes or lipoplexes. Fluorescence-based techniques have been used to assess lipid-DNA interaction and membrane mixing during lipoplex formation, to characterize lipoplex molecular structure after formation and under physiological conditions, and also to evaluate the level of DNA condensation by the lipids. differently [17, 18] . On the other hand, in terms of DNA condensation by cationic lipids, it was verified that double-charged lipids are more efficient than single-charged ones [19] .
It is well established that formation of lipid-based DNA delivery systems is a consequence of a self-assembly process triggered by electrostatic interactions between positively charged lipids and negatively charged DNA (Fig. 1) [20, 21] , and their kinetic and thermodynamic factors are discussed below. Common features to all lipoplex systems, which are characterized in most preparation methods and buffer conditions, are the size and zeta potential dependence on lipoplex charge ratio, showing a maximum and a change of sign (respectively) near charge neutrality [22] .
Upon DNA contact with liposome vesicles, DNA-induced membrane fusion occurs, as indicated by lipid mixing studies [23] and electron microscopy [24] . The condensation of DNA molecules within the lipids, which occurs next, has been monitored by several methodologies [25] [26] [27] [28] and predicted by modeling [29] . A three step mechanism of lipoplex formation was proposed, in which kinetic data was considered. In a first step, electrostatic interaction drives the coverage of one DNA strand initially with a single vesicle, which occurs in the millisecond time scale. Next, an unstable intermediate with a locally cylindrical structure is formed, which evolves to a multilamellar structure on a time scale of minutes [8] . Interestingly, a similar formation mechanism was previously proposed, based on different techniques, and the same type of structures were visualized by Atomic Force Microscopy [30] .
The first visualization of lipoplexes was accomplished by electron microscopy, and soon their morphology was found to be dependent on incubation time and DNA concentration, and at longer incubation periods and higher concentration, larger and denser structures were visualized [31] . Shortly after, another group suggested that the DNA molecules were entrapped between lipid bilayers in clusters of aggregated multilamellar structures [32] , and changes in DNA conformation upon lipid condensation were observed [33] [34] [35] . The use of diffraction techniques confirmed the existence of these lipidenriched lipoplex structures. Several groups, using different formulations, verified that lipoplexes were constituted by fully condensed DNA molecules, as parallel helices, sandwiched between lipid bilayers [10, 11, 36, 37] , and concomitantly, theoretical models were also developed [38, 39] . Lipoplexes with DOPE, at a molar fraction higher than 0.75, showed a different arrangement of DNA molecules within lipid bilayers, in which cylinders consisting of DNA were coated with a lipid monolayer arranged on a hexagonal lattice, frequently identified as an inverted hexagonal structure [40] . Valuable information was obtained with diffraction techniques, and the effect of specific parameters on lipoplex microstructure has been studied, such as the size of plasmid DNA [41] , the liposomal formulation [10, 42] , the charge ratio [10] , and the ionic strength of the buffer [43, 44] . According to X-ray data, lamellar distance does not depend on lipoplex charge ratio [10] . However, for identical lipid formulation, different values of interhelical spacing of DNA molecules were obtained for different charge ratios. In fact, negatively charged complexes have a higher DNA packing density than isoelectric complexes, whereas positively charged ones have a lower packing density [31, 43, 45] . Structureactivity relationships have been considered in an effort to rationalize lipoplex behavior. However, it is known that one specific liposomal formulation can efficiently transfect in vitro a certain type of cells and not others, and a much more complex combination of parameters is required for rationalization of in vivo or ex vivo studies.
Techniques used in lipoplex biophysical and physical-chemical characterization
The use of different techniques in lipoplex characterization has been essential to the understanding of their formation, ability of DNA condensation, macroscopic and microscopic structure and also, in specific cases, to predict their behavior in vivo. Table 1 summarizes the information obtained from each technique in lipoplex studies. Considering the DNA amount frequently used in transfection protocols, 1-2 μg by well (in vitro), 20-50 μg/animal (in vivo) or 50-150 μg/mL by dose (in clinical trials), one can verify that several techniques used in lipoplex characterization are sensitive to these concentration ranges.. Nevertheless, in the analysis of lipoplexes by transmission electron microscopy or diffraction techniques, a previous sample treatment and higher concentrations of DNA (100-5000 μg/mL) are usually required. However, important information about lipoplex structure was and still is retrieved from these techniques. Lipoplex macro-structure, with lower DNA amounts (0.01-50 μg/mL) can be visualized by atomic force microscopy. In fact, microscopy and diffraction techniques are extremely powerful in the macro-and micro-structural study of biological systems, respectively, and when they were applied to lipoplexes, important features of these complexes were unveiled. With the exception of these techniques, all the others mentioned in Table 1 allow the physical-chemical characterization of lipoplexes in solution, with similar DNA concentrations to those used in transfection protocols, which is extremely advantageous. Moreover, fluorescence spectroscopy-based techniques [53, 54] AFM: atomic force microscopy; TEM: transmission electron microscopy.
have the additional advantage of allowing studies under physiological conditions without major interference of serum proteins. DNA condensation ability by cationic liposomes has been assessed and confirmed by several techniques, such as light scattering, microscopy and fluorescence spectroscopy. Easy and common methods such as electrophoresis agarose gel allow a first approach to evaluate DNA condensation, and have been used to calculate encapsulation efficiency [17, 23] . However, more rigorous encapsulation efficiencies of these vectors have been measured mainly by fluorescence methods, even in the presence of serum [46] . Lipoplex size is mainly determined by dynamic light scattering (DLS) and more rarely by microscopy, being an important parameter not only in transfection studies (in vitro and in vivo), but also as a measure of colloidal stability upon storage [47] . Calorimetry and again fluorescence spectroscopy have allowed monitoring lipoplex formation, from a thermodynamic, kinetic and electrostatic point of view [8, 9, 48] . Several techniques have been used to assess structural changes in DNA upon DNA-lipid contact, such as circular dichroism (CD) [49] . For studying the lipids, nuclear magnetic resonance (NMR) [50] [51] [52] or electron spin resonance spectroscopy (ESR) [53, 54] has been used. Fourier transform infrared spectroscopy (FT-IR) [55, 56] and several fluorescence methodologies described in detail in this review allowed to obtain structural information on both lipid and DNA.
Lipoplexes are usually prepared in low ionic or sugar solutions and there is a growing interest on their physical stability upon storage, which is obviously of paramount importance in the pharmaceutical area. Parameters such as size, surface charge, and state of dehydration upon liophilization are commonly monitored using DLS, electrophoretic mobility and recently FT-IR techniques, respectively, to assess lipoplex physical stability upon storage. While some other techniques may be very informative in terms of lipoplex structure, physicalchemical properties and formation under low ionic conditions, others have allowed their characterization under physiologic conditions, which could predict their behavior in vivo. In fact, several methodologies have been used, with success, in lipoplex physical-chemical characterization under physiological conditions, such as DLS, electrophoretic mobility, microscopy and several fluorescence methodologies, which will be detailed in the following sections.
Characterization of lipoplexes by fluorescence spectroscopy methods
Fluorescence spectroscopy has received increasing attention as a tool for lipoplex characterization, due to the use of more sensitive probes and possibility to operate under physiological conditions. In this section, several fluorescence based-methodologies in lipoplex characterization will be reviewed, underlining the obtained relevant information, shown schematically in Fig. 1 .
Lipid-DNA interaction and lipoplex formation
The kinetics of lipoplex formation as a function of charge ratio and vesicle composition was followed by stopped-flow fluorescence studies, using ethidium bromide (EtBr) [8, 9] . These authors observed that DNA association with cationic vesicles followed first-order reactions and occurred through a three-step mechanism. Firstly, DNA adsorbs onto the oppositely charged membrane surface in milliseconds, and thereafter, on a longer time scale (seconds), the formed DNA-lipid complex continues to aggregate and grow. A third step seems to be due to rearrangement of the complex with a further change of the DNA conformation. Interestingly, the time constants of the three steps were determined, and whereas those of the first and third steps seemed to be invariant with the charge ratio, the second increases with increasing charge ratios [9] . Similarly, Braun and co-workers examined the formation kinetics of two different lipoplex formulations. In separate experiments, these authors used high-affinity DNA dyes Hoechst 33258, a minor groove binding dye, or a bisintercalating dye YOYO-1 [57] . Fig. 2 shows stoppedflow fluorescence data obtained with both dyes within DOTAP/DNA lipoplexes, where it is possible to verify that the initial phase of complexes formation (b100 ms) is characterized by an increase in fluorescence intensity which might reflect the initial binding of the lipids to DNA. According to the authors, this binding results in a reduction in the polarity of the environment of the bound dye and a consequent increase in fluorescent intensity. Using this methodology, these authors were able to resolve two sequential steps in the assembly of complexes that are assigned to binding/dehydration and condensation events, but with YOYO-1 it was not possible to fit the second constant rate (k 2 ) and calculate activation energy (Ea) from Arrhenius plots (Fig. 2) [57] .
Fluorescence correlation spectroscopy is a highly versatile technique that can easily be adapted to solve specific biological questions, unraveling molecular interactions in vitro and in vivo [58] . Importantly, it gives information on molecular mobility and photophysical and photochemical reactions, by recording and correlating the fluorescence fluctuations of single labeled molecules through the exciting laser beam [58] . Moreover, using dual-color fluorescence cross-correlation, specific binding studies can be carried out. DNA and vesicle structure, as well as dynamics of lipoplex formation, were examined simultaneously using two-photon excitation fluorescence correlation spectroscopy (TPE-FCS) and two-photon excitation fluorescence cross-correlation spectroscopy (TPE-XCS) [59] . Despite using short oligonucleotides (40 bp), this study allowed the determination of the number of these molecules per lipid vesicle in the absence of aggregation, and a two-step mechanism of DNA condensation prior to vesicle aggregation was proposed [59] . To overcome the problems related to the fitting of autocorrelation curves when fluorescence bursts are present in FCS measurements, Margineanu and co-workers analyzed separately the baseline fluorescence levels and the fluorescence bursts in the same trace [60] . From the baseline levels, the number of free/bound DNA molecules and the presence of tens to hundreds of nanometer-sized lipoplexes were estimated using mathematical models. On the other hand, analysis of the fluorescent bursts provided an indication about the sizes of the lipoplexes, the number of DNA molecules in these aggregates, and the relative amount of lipids in each aggregate [60] . A detailed characterization of the composition and macromolecular organization structure of a ternary, targeted, lipopolyplex synthetic vector (LID complex) was accomplished [61] . These complexes are generally constituted by cationic lipids, plasmid DNA, and a cationic peptide component, which in this study had a dual function, containing both DNA-condensation and integrin-targeting sequences. Fluorophore-labeled lipid, peptide, and DNA components were used to formulate the vector, and the stoichiometry of the particles was established by fluorescence correlation spectroscopy (FCS). Fluorescence quenching experiments and freeze fracture electron microscopy were then used to demonstrate the arrangement of the lipid, peptide, and DNA components within the complex: the cationic portion of the peptide interacts with the plasmid DNA, resulting in a tightly condensed DNA-peptide inner core which is surrounded by a disordered lipid layer, from which the integrintargeting sequence of the peptide partially protrudes [61] . In addition, the interaction of lipopolythiourea with DNA was investigated by FCS, and the influence of the lipid length and nature of the thiourea head on the thiourea/DNA interaction were studied [51] . FCS revealed a strong interaction between lipopolythiourea and DNA, occurring at 1 equivalent of a thiourea lipid by a DNA phosphate group, and leading to a condensed plasmid state [51] .
Lipid-DNA interaction has also been studied using membrane dyes. Comparing the fluorescence behavior of probes with different locations in the membrane, such as 1,6-diphenylhexatriene (DPH; close to the hydrophobic tail) and trimethylammonium-DPH (TMA-DPH; close to water/lipid interface) it was demonstrated that more striking changes were obtained with the latter upon DNA contact, suggesting that major DNA-lipid interactions occur at the lipid/water interface [62] . The use of a pH-sensitive fluorophore (hydroxycoumarin or HC), in combination with Gouy-Chapman calculations, allowed the characterization of electrostactic parameters of cationic lipids complexed with DNA at the water-lipid interface [63] [64] [65] . The relation between electrostatics, hydration, and state of aggregation was studied using not only the dyes referred above (TMA-DPH and HC in particular), but also labeled oligonucleotides, with which characterization of their electrostatics before and after lipid interaction was possible [65] .
Fluorophores absorb light along a particular direction with respect to the molecular axis. Fluorescence emission from samples excited with polarized light may also be polarized. Fluorescence anisotropy r is a measure of emission polarization, defined by r = (I VV − G I VH )/ (I VV + 2G I VH ), where G = I HV /I HH , and the different intensities are the vertical ( V ) and horizontal ( H ) components of the fluorescence emission with excitation vertical (I VV and I VH , respectively) and horizontal (I HV and I HH , respectively) to the emission axis. The extent of rotation of the molecule during the excited-state lifetime determines its polarization or anisotropy. In aqueous nonviscous solutions, most fluorophores typically display anisotropies near zero. This is because in fluid solutions the molecules are able to rotate extensively in 50-100 ps and during the typical lifetime excited-state (1-10 ns) the molecules can rotate many times. As a consequence the orientation of the polarized emission is randomized. The opposite occurs in highly viscous media, where anisotropy may approach the limiting value for non-oriented samples of rotationally frozen molecules with collinear absorption and emission dipoles (r = 0.4). Accordingly, fluorescence anisotropy is used as a measurement of membrane fluidity. As the membrane becomes more fluid, the rotation of an excited fluorophore placed within the lipid bilayer will increase, and accordingly, anisotropy decreases [29] . Membrane fluidity was determined in several DOTAP analogs through DPH anisotropy measurements, and a correlation with transfection efficiency was established [66] . The association of DNA with cationic liposomes gave rise to lower values of anisotropy, revealing a more fluid membrane than that of the liposomes in the absence of DNA [29] . Indeed, the fluidity of lipoplex membranes increases as the cationic lipid content decreases, and is also related to better transfection results [67] . Interestingly, Rajesh et al. verified that minor structural variations in cationic amphiphiles can profoundly influence DNA-binding characteristics, membrane rigidity, membrane fusogenicity, cellular uptake, and consequently gene delivery efficacies of cationic liposomes [68] . Moreover, by anisotropy measurements of liposomes embedding a membrane dye (DPH), it was possible to detect clear differences on membrane rigidity between liposomes constituted by cationic amphiphiles only differing on the orientation of their linker ester functionality. These authors found that more rigid vesicles are less fusogenic, originating lower cellular uptake of DNA [68] . Other works also describe that lipoplexes constituted by lipids having a saturated lipid chain exhibit a more pronounced anisotropy value, thus presenting a more rigid and higher viscosity structure, than those having unsaturated lipid chains [69] . Anisotropy values of fluorescent cyanine dyes within DNA associated with cationic liposomes at different charge ratios have also been measured [70, 71] , and although the anisotropy profile of benzothiazolium, 2,2′- [1,3- [3-methyl] -, tetraiodide (BOBO-1) within lipoplexes has a subtle perturbation in the electroneutrality region, it remains constant at~0.2 at lower or higher charge ratios. These results are a clear evidence of the presence of dye within DNA even at higher charge ratios [71] , which constitutes an advantage in Förster resonance energy transfer (FRET) measurements to study DNA-lipid interactions or lipoplex structure [70, 71] . Förster Resonance Energy Transfer (FRET) is an important process that occurs in the excited state whenever the emission spectrum of a fluorophore, called the donor, overlaps with the absorption spectrum of another molecule, called the acceptor. The FRET rate from a donor to an acceptor depends on i) the distance between the donor (D) and acceptor (A) molecules, ii) the overlapping extension of acceptor absorption spectra and donor emission spectra, iii) the donor quantum yield and iv) the relative orientation of the acceptor and donor transition dipoles [72] . The transfer efficiency (E) is the fraction of photons absorbed by the donor that are transferred to the acceptor and is given by:
This is the most popular equation used to measure distances from FRET [73] because the relative fluorescence intensity of the donor, in the absence (I D ) and presence (I DA ) of acceptor is easily measured in the laboratory. E is strongly dependent on distance when the donoracceptor molecules distance (r) is near the Föster distance (R 0 ), and when r equals R 0 the transfer efficiency is 50%.
In 1998 Szoka and co-workers reported a FRET-based assay using a dye on the DNA and another on the lipid, in order to assess oligonucleotide/liposome interaction in the presence of several components of serum [74] . Using oligonucleotides labeled with fluorescein (as donor) and fluorescent lipid 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (N-Rh-PE) (as acceptor) labeled DOTAP liposomes, these authors suggested that heparin and oleic acid destabilize lipoplexes. However, the pre-incubation of lipoplexes in increasing amounts of BSA decreases the referred instability, protecting the complex from dissociation. Due to a high background fluorescence of serum, these authors did not perform this assay in its presence [74] . A few years later, the use of probes with different emission wavelengths allowed the development of a FRET-based assay in the presence of serum, even though both dyes were DNA intercalators [75] or DNA covalentlylabeled fluorophores [76] . Table 2 shows all the donor and acceptor dyes used in lipoplex FRET assays, using one dye on the DNA and the other on the lipid, and the respective aim of study. Indeed, FRET is a promising tool in the scope of biophysical and structural characterization of the lipoplexes, allowing to monitor not only of DNA-lipid interaction [77] [78] [79] [80] [81] but also of DNA condensation [26, 46, 71, 82, 83] and lipoplex structure [46, 71, 82, [84] [85] [86] , as discussed in the following sections.
FRET was used to monitor interactions between Cy3-labeled plasmid DNA and NBD-labeled cationic liposomes [87] and the data showed that binding of cationic liposomes to DNA occurs immediately upon mixing (within 1 min), though FRET efficiencies do not stabilize for 1-5 h [87] . Interestingly, higher transfection efficiencies were obtained with lipoplexes incubated for 1 h, instead of 1 min or 5 h, and faster stabilization was obtained with higher charge ratio lipoplexes [87] . These authors verified that lipoplexes formulated with DOPE were more resistant to high ionic strength than complexes formulated with cholesterol. For DOTAP-DOPE/DNA lipoplexes at DOTAP/DNA charge ratios of 0.5 and 1, low concentrations of NaCl (0.01-0.5 M) increase FRET efficiency, while higher concentrations decrease it, suggesting that low NaCl concentrations enhance lipid-DNA interactions, and high salt concentrations weaken the association between lipid and DNA [87] , as expected.
The aforementioned studies were all carried out in saline buffer. However, depending on the nature of DNA and lipid dyes, FRET may also be suitable to study DNA-lipid interaction under serum conditions [46, 79, 81] , which is a great advantage in lipoplex characterization studies. Indeed, the confirmation of protein binding to the lipoplexes external layer without either destabilizing the multilamellar structure [46] or dissociation [79, 81] was previously accomplished using FRET. Simberg et al. presented clear evidence that lipoplex-serum interaction was strongly dependent on helper lipid and ionic strength, and compared the behavior of DOTAP/DOPE and DOTAP/Chol lipoplexes. These authors verified by FRET that upon serum contact the lipoplexes seemed to lose integrity, although no lipid-DNA dissociation was detected. Indeed, as shown in Fig. 3 , after addition of excess of serum to those lipoplexes there was no increase in fluorescence intensity at 520 nm and no decrease at 580 nm. Moreover, the emission at 520 nm showed a significant decrease, which could be ascribed to changes in the probe environment upon the addition of serum. Besides observing high level of aggregation which hampered the transfection efficiency, no other structural changes in serum were observed for cholesterol-based lipoplexes [79] . Interestingly, other authors reported that the increase of cholesterol content led to an increased serum stability, and DOTAP:Chol (mol/mol 1:4)/DNA with charge ratio of 4 was the most stable formulation in serum of all the formulations examined, maintaining lipid-DNA interactions, not aggregating and exhibiting high in vitro transfection efficiency in 50% (v/v) serum [81] .
Membrane mixing studies
FRET studies have been used in lipoplexes to confirm lipid mixing upon DNA addition since the early characterization studies [23] . In a common experimental design, two liposome populations are prepared. In one of them, liposomes are labeled with two membrane probes, one acting as donor (often N-NBD-PE) and the other as acceptor (often N-Rh-PE), whereas the other population is prepared without fluorescent probes. Due to energy transfer in labeled liposomes, the fluorescence coming from donors in the doubly-labeled liposomes is substantially reduced. After DNA addition, fluorescence intensity increases as a consequence of the mixing between labeled and nonlabeled liposomes, which leads to a dilution of acceptors and an average increase in donor-acceptor distances. The lipid mixing percentage, upon DNA addition, is calculated considering as maximal the fluorescence obtained in the presence of detergent [88] . This method confirmed that DNA induces membrane fusion depending on charge ratio [89] , and maximal lipid mixing is achieved for charge ratios near neutrality [88, [90] [91] [92] . The effect of ionic strength and lipoplex mode of preparation in DNA-liposome interactions was monitored by this methodology, in parallel with isothermal titration calorimetry and size measurements, and a lipoplex formation mechanism was proposed [91] . Interestingly, particle growth, membrane mixing and vesicle rupture all proceed immediately when DNA is added to liposomes, whereas the referred occurrences are delayed until approximately equal numbers of positive and negative charges are present in the case of reverse addition [91] . The presence of serum also induces a certain extent of lipid mixing in several liposomal formulations [93, 94] . Indeed, using a FRET assay, Tandia et al. confirmed that the ability of lipoproteins to inhibit the transfection efficiency of lipoplexes was well correlated with their ability to undergo lipid mixing with the cationic lipid bilayer [95] . When incorporating lysophosphatidylcholine into diC14-amidinecontaining lipoplexes, their capacity to undergo lipid mixing with lipoproteins was completely abolished, and this allowed them to reach high transfection efficiency in the presence of the latter. On the other hand, the incorporation of DOPE into DOTAP/DNA lipoplexes activated lipid mixing with the lipoproteins, and was shown to be detrimental toward the transfection activity of these lipoplexes [95] .
During lipoplex internalization, lipid mixing also occurs, especially between lipoplexes and endosome membranes [96] , and some authors have suggested this step as a crucial barrier to overcome during lipid-based gene delivery [97] . Membrane fusion studies encompassing a FRET methodology similar to the above mentioned are frequently used to simulate these processes in vitro. Indeed, a multi-step assay was performed to model the sequential steps involved in transfection, using anionic liposomes [92] , and also to assess fusogenic properties of novel lipids, frequently correlating their findings with transfection efficiency [68, 69, 83, 96, 98, 99] . Higher gene transfection efficiencies have been correlated with increased ability of lipids to fuse with endosome-like membranes [68, 96] .
Characterization of lipoplex molecular structure using FRET
The microscopic structure of stable lipoplexes has been mainly studied by small-angle X-ray scattering (SAXS) [10, 37, 100] . With this technique, it was possible to determine for the first time the interlamellar distances in different lipoplex formulations in water or saline buffers [10] . Fluorescence spectroscopy, through the use of FRET methodology, has also provided valuable information about lipoplex microscopic structure by using a dye on the liposomes and another on the DNA. With this methodology, inter-fluorophore distances are associated with interlamellar spacing, with the advantages of allowing measurements in solution under serum conditions, mimicking physiological medium, and using lower amounts of lipid and DNA.
Application of FRET to retrieve meaningful structural information in lipoplexes is not a trivial matter. Indeed, in the particular case of lipoplexes, and as previously described for membranes [101] [102] [103] , instead of an isolated donor/acceptor pair at a single defined distance, there is a distribution of donor and acceptor molecules in threedimensional space or in a plane, and the donor fluorescence decay becomes complex and dependent on the acceptor concentration surrounding the donors. Middaugh and co-workers used FRET theoretical models to calculate inter-fluorophore distances in lipoplexes under low and high ionic buffer conditions [86] . These authors assumed that FRET between a DNA-bound donor fluorophore and the acceptorlabeled lipid bilayer can be modeled as a point donor and an infinite plane of randomly distributed acceptors. Unreasonably high DNA-lipid spacing was recovered at lower charge ratios and for high ionic strength solutions, most probably because these authors did not consider the existence of donor molecules which are not transferring energy [86] . When those isolated molecules are considered, using models that assume the possibility of non-equivalent donor populations [103] , it is possible to determine not only inter-fluorophore distances (which do not vary with the charge ratio, as previously shown from SAXS [45] ), but also the amount of DNA molecules not covered by the liposomes, and consequently encapsulation efficiencies (as detailed in the following section) [71] .
Madeira et al. used FRET to characterize the structure of DNA/ DOTAP complexes, for varying DNA plasmid size, buffer ionic strength, and both in the presence and absence of helper lipid (DOPE) and serum [46, 71, 82] . For this purpose, a multilamellar model was considered for lipoplexes, as suggested from previous findings [10, 11] . In this specific geometry with DNA sandwiched between adjacent lipid bilayers as shown in Fig. 4 , transfer occurs from one donor molecule (restricted to a plane) to acceptor molecules randomly distributed in two adjacent parallel planes. Two distinct possibilities are shown schematically in Fig. 4 : either the donor is a labeled phospholipid and the acceptor is a DNA-intercalating probe (Fig. 4A) or the reverse arrangement is used (Fig. 4B) .
Strictly, for each bilayer, there should be two planes of acceptor molecules (one for each bilayer leaflet), and the distances between those planes and that of the donors should not coincide, because the fluorophores in the labeled phospholipids are not expected to be located at the exact center of the bilayer (that is, strictly, one should have Fig. 4) . However, for low-polarity acyl-chain labeled lipids such as used in the above mentioned works [71] the difference in transverse location for chromophores belonging to labeled lipid molecules in opposing leaflets of the same bilayer is small for FRET purposes (≪ R 0 ) and was neglected (that is, one can take d ≈ d 1 ≈ d 2 ≈ half the multilamellar repeat distance in Fig. 4) . FRET from each donor to the two closest acceptor planes was considered. For a multibilayer structure, a second set of two acceptor planes would be located at ≈3d. However, the contribution of FRET to this plane (and further planes) of acceptors would be much smaller and effectively masked by FRET to acceptors located at ≈d. The basic equation for the decay of the donor in the presence of a plane of acceptors, which assumes low density of excited acceptors, no energy migration among donors, no translational diffusion of probes during the donor excited state lifetime, uniform distribution of acceptors, a single Förster distance R 0 value for all donor-acceptor pairs, and probe dimensions ≪ R 0 is given by [102] :
where
In these equations, τ D is the donor lifetime in the absence of acceptor, i D (t) = exp(− t/τ D ) is the donor decay in the absence of acceptor, n is the acceptor surface density (number of molecules/unit area), Γ is the complete gamma function, R 0 is the Förster distance, and
For donors with nonexponential decay (as often is the case), i D (t) should be the experimental decay law (sum of exponentials) and τ D should be replaced by the average lifetime in the definition of b (e.g. [103] ). For the purpose of theoretical computation of the decay, n is easily calculated using n = 2 × dye : lipid mole ratio ð Þ = area per lipid molecule ð Þ ð 4Þ
The factor 2 reflects the fact that, in a multibilayer geometry, the available surface area is only half of the product of the number of total lipid molecules times the area per lipid.
Eqs. (2)- (4) are also valid for FRET to two opposing equivalent acceptor planes, as in Fig. 4B , but, in this case, the acceptor surface density should be further doubled. Eq. (2), as it stands, is only valid for significant excess of cationic lipid, leading to essentially no unbound DNA. In these conditions, for the arrangement depicted in Fig. 4B , all DNA-located donors have acceptors in their vicinity and are available for energy transfer. In the described studies, it was verified that for the charge ratio (+/−) DOTAP/DNA = 2 in the studied systems, there is already a small but significant fraction of unbound DNA [46, 71] , which implies the existence of donor molecules isolated from acceptors. To take this into account, the donor fluorescence decay law should allow for a fraction γ of molecules which decay is unaffected by the acceptors. If the decay of donors intercalated in lipid-bound DNA in the absence of acceptors (i D (t)) differs from that of donors in unbound DNA (i D0 (t)), then Eq. (1) should be rewritten as
For the charge ratio (+/−) DOTAP/DNAb 1, whereas Eq. (5) is valid for the arrangement described in Fig. 4B , there is a major difference in FRET geometry for the arrangement of Fig. 4A : donors (labeled phospholipids) are located close to the center of the bilayer, and acceptors (DNA-intercalated probes) are inside the DNA helix. Because of the excess of DNA in this system, a significant amount of DNA molecules are not involved in the complexes, and only a fraction f of acceptors will be available for transfer. The decay law (neglecting isolated donors -it is assumed that all bilayer-located donors have DNA in their vicinity, i.e., there are no lipid molecules outside lipoplexes) is now,
In all cases, the theoretical expectation, which is computed numerically from Eq. (7) below, can be compared with the experimental FRET efficiency data.
Using this methodology, and using DNA intercalator probe BOBO-1 as FRET donor and membrane probe BODIPY-PC as FRET acceptor (arrangement of Fig. 4B ), we were able to assess differences in lipoplex microscopic structure when varying charge ratio, helper lipid, plasmid size [82] and ionic strength of the solution and also under serum conditions [46] . When longer plasmids are used (~6.0 kb), larger donoracceptor distances were obtained [82] when compared to smaller plasmids (~3.0 kb) [71] . This result was at variance with what was verified by other authors using SAXS, who did not detect any alterations in the microscopic structure of lipoplexes constituted by plasmids with sizes ranging from 1 to 52 kb [41] . In agreement with other authors who used a similar FRET methodology, we verified that the presence of DOPE did not affect interlamellar distances [82, 86] . Interestingly, in physiological saline solutions with added serum, a multilamellar arrangement of the lipoplexes is maintained at least for 2 h, with reduced spacing distances between the FRET probes, relative to those in low ionic strength medium (30 Å vs 42 Å) [46] .
Even though a full exploitation of the technique's potential requires careful modeling and data analysis using a kinetic formalism that accounts for the underlying donor and acceptor distribution, FRET may still be used on a more basic, qualitative level. FRET efficiency between DPH-PC and EtBr within lipoplexes provided qualitative information about lipoplex micro-structure, mainly relying on comparisons between different lipoplex formulations [84] . The authors of this report observed a very significant enhancement in FRET efficiency when the monoolein (MO) amount is increased from DODAB:MO (1:0.5) to DODAB:MO (1:1), which may be related to the appearance of inverted lipoplex structures, and consequently to a lower mean donor-acceptor distance [84] when compared to other lipoplex formulations.
DNA condensation assessment
DNA condensation by the liposomes is more commonly assessed in qualitative terms by fluorescence methodologies and mainly by dye-exclusion assays. Two decades after the first experiment to evaluate DNA condensation by cationic lipids using this type of experiment [23] , it is still widely used to compare the efficiency of DNA condensation of novel cationic lipid formulations, due to its simplicity. The fluorescent probes more frequently used in these methodologies are EtBr [19, 83, 88, [104] [105] [106] [107] [108] [109] [110] [111] and quinolinium, 4-[(3-methyl-2(3H)-benzothiazolylidene)methyl]-1-[3-(trimethylammonio)propyl]-, diiodide (TO-PRO-1) [112] [113] [114] . When intercalated in DNA, these dyes display considerable fluorescence intensity, but upon DNA condensation by cationic liposomes, the probes are displaced from DNA and their fluorescence intensity is drastically reduced. At low charge ratios (DNA excess) high fluorescent intensities are measured, which drastically decrease, in a sigmoid profile, with the complete coverage of DNA by the liposomes (near neutral charge ratio). In addition, the DNA condensation is evaluated based on the dye exclusion percentage upon addition of cationic liposomes or polymers. However, according to Eastman et al., the obtained sigmoid profiles depend on probe concentration, and when using high EtBr concentrations a linear fluorescence decrease upon increasing charge ratio is obtained [28] . In a variation of the usual method, encapsulation efficiencies were recently calculated using the referred methodology after application of a spectral deconvolution procedure [84] . A method based on the covalent attachment of fluorescent probes to DNA (fluorescein or rhodamine) was proposed to evaluate a quantitative assessment of DNA condensation [27] . Assays based on the accessibility of DNA (after condensation by the liposomes) to fluorescent probes (PicoGreen, for example) also provide a qualitative approach to compare liposomal formulations' condensation ability and stability in several ionic and physiological conditions [115, 116] . An interesting study comparing twenty nucleic acid stains, feasible to be used in DNA condensation by non-viral gene delivery systems, was reported [117] . In this study, dye characteristics such as efficacy of yielding fluorescent DNA-spectra and photo bleaching of DNA-dye complexes, were considered before DNA condensation assessment and a novel method to quantitatively evaluate the DNA condensation was proposed. Moreover, several DNA intercalators, differing in their intercalative position (major or minor groove) were also used to compare the interaction of various cationic lipids and polymer (polyethyleneimine (PEI)) with DNA in terms of regional displacement of the dyes, structural changes of DNA upon condensation and polycation-mediated changes in solvent accessibility of the minor groove [118] . Fluorescence studies concerning the structure and dynamics of condensed DNA probed by the dimeric cyanine dye YOYO-1, also gave further insights about the information which may be retrieved from fluorescence measurements using this bis-intercalatortype of DNA probe [78, 85, 119] .
FRET has also been used to quantify the amount of unbound DNA upon lipoplex formation, frequently related to the encapsulation efficiency of a given lipoplex formulation. The FRET models described in the previous sub-section allow not only the monitoring of DNAlipid distances, but also the quantification of unbound DNA in lipoplexes with lower charge ratios [46, 71, 82] . Because FRET between two probes, one in the DNA and the other in the liposomes, is a direct measure of DNA/liposome contact, it is intrinsically more powerful than dye exclusion measurements. The latter appears to be simple on the surface, but their quantitative interpretation is in fact dependent on an accurate description of the probe distribution between DNA and the aqueous medium, which is generally lacking. The superiority of FRET is especially visible when it is conjugated with accurate modeling of its kinetics. The methodology developed by us to assess the liposome complexation efficiency of a specific lipid/DNA formulation can be described as follows: (i) A FRET assay with the absence of free DNA (confirmed by agarose gel electrophoresis, and so γ = 0 was fixed) was analyzed to recover d = R 0 b − 1/2 τ 1/6 as the sole parameter using Eq. (5) (Fig. 5A) ; (ii) Fixing d to the value recovered in (i), FRET assays of lipoplexes with lower charge ratios (with free DNA) enabled the recovery of the γ values ( Fig. 5B-C) ; (iii) The liposome complexation efficiency (C.E.) was calculated for each case by C. E. = (1 − γ) × 100 [46, 71, 82] . From the data shown in Fig. 5 it is possible to verify that lipoplexes constituted by DOTAP and plasmid DNA~3 kb size has 50% of uncondensed DNA at charge ratio 0.5 ( Fig. 5C ) and 20% at charge ratio 2 ( Fig. 5B) [71] . In this way, and considering a different lipoplex formulation, mainly using a larger plasmid DNA (6 kb), we verified that DOTAP liposomes have a degree of complexation of DNA of 60% at charge ratio (+/−) = 1 in low ionic solutions. When these lipoplexes are directly prepared in phosphate buffered saline solution (PBS), 23% of DNA is covered by the liposomes, whereas lipoplexes prepared in low ionic solution followed by addition of PBS have 53% of protected DNA for the same charge ratio [46] . On the other hand, and according to our results, complexation was virtually complete at (+/−) = 5 in all the studied conditions, with complexation efficiencies ranging from 95% to 100%. A similar behavior was observed with other dyes, in a qualitative FRET assay, using NaCl concentrations ranging from 100 to 500 mM [87] . According to our FRET results, and considering charge ratio (+/−) = 2, the presence of helper lipid (DOPE) increased in about 15% the amount of covered DNA, and, for negatively charged lipoplexes ((+/−) = 0.5), an increase in plasmid size from 2.7 to 6 kb led to a decrease in complexation efficiency of DOTAP, from 50% to 25% [82] .
FRET methodologies have provided further insights into lipoplex stability in serum, by either allowing quantification of DNA that is released from the lipoplex upon serum contact [46, 86] or qualitative assessment of its release by monitoring the decrease of FRET efficiency [76, 79, 87, 120] . We observed that addition of serum within lipoplexes previously incubated in PBS leads to a displacement of less than 10% of DNA, this being more pronounced for a charge ratio of 0.5 [46] . In lipoplexes with lower charge ratios, degradation of DNA by endonucleases upon contact with serum is probable. At higher charge ratios, similar complexation efficiencies were obtained when compared with the corresponding lipoplex formulation prepared in low ionic strength solutions and incubated in PBS [46] .
The stability in physiological medium of lipoplexes was evaluated by detecting the conformational change of complexed plasmid DNA labeled simultaneously with fluorescein (donor) and X-rhodamine (acceptor) through FRET [76] . These authors verified that lipoplexes had two phases of dissociation in 1% serum. When the concentration of fetal bovine serum (FBS) was increased to 5% and further, the first phase of dissociation became prominent, resulting in a lower emission intensity ratio within a shorter time period than in the medium with 1% serum.
Barenholz and co-workers investigated the mechanism of interaction between fluorescently labeled lipoplexes and fluorescently labeled serum proteins. FRET measurements in vitro indicated that serum proteins interact instantly and closely with the DOTAP/cholesterol lipoplexes [120] . Moreover, these authors verified that DNA, heparin, anionic eggphosphatidylcholine/eggphosphatidylglycerol liposomes, or the polycation poly-L-lysine all efficiently prevented interaction between serum proteins and the lipoplexes. On the other hand, serum proteins did not interact with zwitterionic eggphosphatidylcholine liposomes or free DNA, but needed DOTAP to mediate such interaction [120] . When comparing serum and heparin, these authors detected that the latter produces much more dramatic effects on the lipoplex integrity, surface potential, and transfection efficiency than either albumin or whole serum [120] .
Besides stability in serum, the extent of DNA release from novel lipoplex formulations after addition of negatively charged membrane lipids was found to correlate with the extent of transfection [83] . These works aimed at studying the feasibility of synthetic cationic phosphatidylcholines, with different hydrophobic moieties, to efficiently release DNA into the cytoplasm after cellular uptake. To shed light on the extent of DNA unbinding from lipoplexes, the authors used fluorescence-based methodologies, mainly an EtBr exclusion assay and FRET. Interestingly, formulations with higher transfection activity (such as EDOPC/1,2-diphytanoyl-sn-glycero-3-ethylphosphocholine (40:60) and 1-oleyol-2-decanoyl-sn-glycero-3-ethylphosphocholine) gave higher percentage of DNA unbinding (31.2 and 68.1%, respectively), compared with that of pure EDOPC (11.5%) [83] .
Concluding remarks
After a brief survey of biophysical techniques suited to the study of lipoplex characterization, this review focuses on the contributions from fluorescence methods. Whereas it is beyond doubt that diffraction techniques and electron microscopy were of paramount importance in the establishment of the multilamellar model of lipoplex structure, fluorescence offers significant advantages, namely the possibility of carrying studies in solution and in the presence of serum, in concentrations close to that used for in vivo transfection, and they also allow the determination of the degree of DNA protection for a given system. Although fluorescence has been used since the earliest studies, the use of more sophisticated approaches, coupled with elaborate physical models (namely FRET and FCS) keeps it at the forefront of biophysical tools useful for lipoplex characterization.
